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I, ABSTRACT

One vapor barrier located near the. warm surface of an insulated
wall may not prevent the condensation'of water vapor when outside
tex~peratures! enter into the sub-zero range. This condensation,. destroys
the heat-resista~nt function of the Lasulation. The addition. of

-pr operly located vapor barriers,.of corrent permeanoe will. control the
mo~vement of vapor and prevent condensation within the insulation.

Thi$, report is a technical anal.ysis of;"the problem of controlling" /

condens tion in structures subjected to sub-zero ambient temperatures*
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INTRODUCTION

Since the end of IV~orld 1.7ar 11 the lEilitary has' established many
n~t~w babses in the arctic regionsa to provide protection against aný
aggressive act of war. It was -aoon'discovrered,, however, that mateda
rials and equipment needed to equip the bases failed, for the most
pert, to give ,s tisfactor~y perferrnanoe' in the h.ib-z~ero arctic'
temperatures because too little bankground infot~ntioii was availabl e.,
Spark~ed br -these'ctomn~ thSre ervioeb have oGmbaarked on
an abiti'ous program of, studying the effects of cold weather on
Welioihal materipla,'machi1tery, and 'equipni~nt, andmakilng necessary V
modiftioationis to'assure satisfactory performasnce.'

.. 1.aby probl~hsý bave been nirnestig~ted-with vurying jpegrees of
succe-sis. A -fi'e problems have been neglected 'Almo'st' 006iýltely
because of ti~e prossa of . et~h~r work and b~cause 'it VA 4 ot.,realized
that they exkist One of these is the buildupo cox~~stini
inedtiite~d stiructures subjected to very low aminbent tdh~bbritures. ,\

A recOht; itiVettigation at Ft. Chwrohill,ý Canada- ý'.veeled thai'
\evry' buildig -whtch '*as heated 'and occupied suffered from frost \

it, damage to',soiae extent.i S~ome. shbwed only ni-inor water stains while
*many wetre structurally dpoiaged. Irigizres I and 2' .Illustrate typical

cniion~s ' u in this investigations

The fact -that condensation can occur in insulated wells has
been Mnowm for siany years. _Vapor, barrier4 pleoed near the wrarm
surface vui~llreduce oonderfeatihon But it is not ..gen~er.olly x'ali.z:-

if' ~ .. ad that one vapor _barwierý,'Ina? not -prevent ,onrdensation at aub.'.eiro
tenrv aures; as a matittr of fact, it-rarall. does., An &iftilyuis at[ *the U. 'S. NAyAl -Civil. E~ngineering Researah..and Ev4.uation Leboratory4Port Hueneme., Calif ornia, has shown that condensation is very likely,
to o~ou~r.when atmospheric~ te eratures enter int.' the stub-eo ran~
in spite of suppsedly effective warm side barrierE Iti-hep
pose of this report to analyze the heed for additional'barriers and
to .,ffesr-a posvible solution to the problem of wrater vapor dondinsation., LV

ANALYSIS

It is, generally acdeptedL as fact that condensation may ooc~r!irii
insulated walls and that condensat.±on can be prevented by placing ak
vapor barrier near the warm' surface's This is true 'in faost Linstaices;84
however, the usea of more than one barrier .specifically placed 'withinc
tlie. insulation may be required if. the tejfiperature .,gradient through
the Well is e*,trezne.



Two major points to consider when analyzing the need for two or
more vapor barriers are:

(1) The extent of the thermal gradient through the wall from
inside to outside. If a substantial temperature difference

exists a cross the wall with the cold surface at 0 F or lower,
one oxr more additional barriers may be needed because dew
point tenperatures will usually be reached.

(2) The effectiveness of the first barrier. If the first
barrier cannot reduce the vapor pressure at the high
side to appr-oxliuately the same level as the low saide,
one or more additional barriers mey be needed. This
is because the other materials in the wall have! little
effect on vapor pressure ýgradient. If at arn place within
the.wall the actual pressure of the vapor equals the
prese.ue of a, dew point temperature, one or more,.. additional
vapor barriers will be needea because the dew point tempera-
tare is the condensation point.

To Illustrate *nd explore the-need for' one or more additionalsvapor
barriers, the wall section ,of a typical Navy wanijn will be used. A
wanigan is a preassembled building for cold climat-qs and olin be reuidily
carried on a tractor-drawn sled. Table, I lists its -;all oonatituents.
For purpose of this illustration, it will be auswmed that' the inside
condItions are 70 F and,39 per cent RH and outside conditions are -35 F
and 50 per cent RE H

TABLE I

"Mat~pnial- Thermal condctace Fwinea-oe`*
interior to axzterior-_,', Btu/hr-ft 2 -deg F Gcalkns/hr-ftz-in. Hg

1/4" exerior-type plywood 2,56 0.35
with. 2 aoats oftpaint-

Vapor barrier Negligible heat 9.10
resistivity

1-,/8"6 fiber glass 0.17 Negligible vapor.-blodk-
inokilation .in ability

1/4 ", exterior-type plyvrod 2, 56 0.35
with 2 coats of paint

*Permeance Is the rate ofwater vapor transmission for thickness of
material considered; Sins per hour times square feet times inches
of mercury vapor pressure difference,
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W~ith the inside and outside temperatures and the thermal conductanice
of the wall's constituents known,, it is poseible to plot a thermal
gradient across the wall by the fallowing 'formulaO(4ý_

where

It the resistance to hesat flow from inside the structure to any
point in the wall at Which the: temperature is'to tabe' determined,

R2uthe over-all resistance to heat flow of the* wall from inside
* ~to outside. t*b eemnd

'tx ida air temperature.t edtemnd

a ,outside air " ' theure1KThe rusultaint.:thermal gradient 'from 407 P to -35 F is, sh 6wn in
Figu*e 3i :Note that the, temperature 'sknownat any point 'ýithin- h
-wall,

A saturAtion pressure gi'adient mVy ntoý tbe plotted; from the ~thernal.,
'Igradient temperatureI s, , Tis curve i a also shown in Fiure 3 and ra#P'asents

aloci oý points. at. which codenesAti~on`6acrs. (15atura t16n. OressuresI
aybei obtAined Wimaylwpesuesemtbe)

NextAt isi necessary to'I determline the actual op real vapcor presiure:
gradient:, thirlugh the, wall. This e determbinatiob is mada possible.-by,,
converting the ±-twido i~d oa~ide tempsz'atures and" rblat ive "humidi ,ties

to zorraspodn ao pres iuree and\ plo tting. a vaporppressure gradient'

Px pi P pd) ;(2)

Mhweý the p.?Aleance of that poto o'the wail froili ±nside air' to'

Formula 2 may also be expressed as

i.P, Pi r1 (Pi - PO) 0
r2
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It where

r, the resistance to rate, of viater vapor transmission from the
inside air to any point in the wall at which the vapor
pressure is to be~determined.

r2  the over-all resistance to rate of water vapor transmission
of the Well from inside air to ou~tsi4e air.

PX U vapor pressure to be determined,

pia inside.,vapor pressure.

Po outstide vapor pressure.

?he resultant actual vapor ýpressure' gradiant.'-,f Flgare -3 bhows.
th"t the watOl vapor has reached' a condeniaý-ion point two-thirds through
the inedlition and continuing into the exterior, p24yw~odj. the' actoal
condensation point, occurring at a vapor pressure of. Oý05 Linches of
mercury. -Therefore)- under the.Lset.'df eonditions givati, condensation
winl occur and the need for iadditiohal -barriers! is clbarly Iiddicatead,
?arenthetically, the condensation rate might be, sm.all. but 'can bulild
up over a prolonged period to a point where it will destroy the:-heat-
blocking, fulietion of .the insulation.i.

Figure 3su at ooxdnsationW will. occur apa1'oi'mataljy )ve
inch ~ ~ xp in frnth,~oe cold surface., It would 4seemAVeOl a2.'t

*if a vapor' barrier Were to be placed at this point.,coiidenhation~~would
be- el4inarted4e, This,-assumption. is d~isproved,, however, by-aftal~sis-4
Fort exam~ple, if to 'the. o'riginal et -aof conditions, 0Fai 5pr
centRH aft-.CýJ jftad--50.per; cent ERHoutside,$ there iiadid VAp0r
ba*rrier oR, equal ýperreanoe at. the. dondensation-point, .it will q~ found
that condensAtion is not elim~inated but. that 'the, original- cotdensatidfn'
,point shifts' inward toward the.warm side. "This shift can be demonstrated'
graphically,.by plotting only-the-actual: vapor .p'assure curve because
the added. barrier will' have a' negligible. effect -on the over-all heat.r
transfer rt ftewall If the pedsrsur drops are recalculated by
again using.Formula 2, the resultant aot~ual vapor pressure gradient of
Figwe A4 sh~ow$ that the water vapor has, reached a q4z dnsation poi.nt
one-thýirthrough the insulation and" continuing. izp* ~the; exterior ply-
wood,- the actual condensation point being at vapor preusure 0.13 inches
of mercury. It i's evident,,therefore, that the additional barrier not -

- . only failed to eliminate condensation but, hat itrnade the situation.
worse. The condensation point is now 1 5/16 inch from the exposed
cold surface, which is an inward shift of 7/16 inch.

It may be stated thus far tha~t one vapor barrier, per se,_cannot
* prevent condensation, and an additional. barrier pl-aced at the initial

condensation point not only fails to prevent condensation but permits
more wetting of the insulation. The need for. one or more additional
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* barriers is certainly required, but barrier permeances and locations
must first be determined before condensation can be successfully
prevented,

Barrier permeance, a function of vapor pressure drop across the
wall, must be suffioient to prevent condensation. The desirýed
permeance value can be found by I a Uborioua cut-enid-try -method' r~equir-
ing many tedious hours of routine calculationa - a procedurq wh4qh'.ia
time-consuming and ii#racticable,

These undesirable feat~iwes~of-parmeance calculat~ions have been
eliminated by a formula developed by the U. S. Naval Civil Engineering
Research and Evaluation~ Laboratoryg jThe- formula wherein P O p is
equal to the vapor presasure. drop sorooss t~he wall iaý'

M X loe -Pi(4)
7Pi Po Pi -Po.

K where

ML , the total. permesanc e required to prevent condensation,

pi th e $.nhide vapor, pressure, inches'of m ercury.

* 0~the outside vapor prossurej inches of mercury.

The over-al preafice reqaired by the ivanitgan -wall to halb 1

a.7ndenhation may ,now be determined by the utse':of For"mula 4. Resolving
th .riin3.oodiio,,or ..70Y. and 31- per cent -RH inside.ad-3_

a-504 per. aen aH att~d I1t eapond'ng vaporpresrth
permo~nco, becomes r

A em I. 0,0015 perme -. over-all1 permeanCe-'
Alpsm isequal to I grain water per h~our times square feet times

inches of mercury.

Thus a wall that will provid~i an over-all or total p erie ance of
0.0015 perms is needed,- Because building materials, for the-most.part,
arei not vapoir barriers, the Permeano. of 0.0015 must be provided by
the vapor barriers,# This permedano may-be shared by tvto or. three
barriers: if two are~used, each barrier. must provide 0.003 perina
resiatahoe; if three are Used, each barrier must provide 0,0045 porma.
Table. 11 lists a .few barriers whose permeances can drop vapoz ~pres-
aures to thea. afe levels. They are taken from the final r'eport1
"aeras" onrc y734,UirstofClaowihi"Survey and Analysis of the Vapor Transmission Properities ofi Buil.dinj S
literature review oaummarizing the available published data on the subject.



TABLE 11

Material -. PerneanaO

1, DupIex papesr

1. Aluminum foil coating on one side and 01U02
asphalt lamination - 43 lh/500 sq f t..

2. Aluminum foil coating on one side ajid 0,003
asphalt, Iami1hatiofti 20 lb aspha~lt and

-- 30 lb kcraft paper..

* ~ 31 F. 'Jilms

1. Phenolic resin - ttuns oil and mineral, 0,003

2. orange abellac',4 0.0036 to 0.0062 A

v 3, WJhite baking pier 0,001

4. 1'!hite baking enamel, 0..06061 to 0063o
5. ~ -On ca ~ ),lng primer plus-0,*01

ohe coAt vihits baking enamel, - .

ing upon number of Pinholes Iii the foil'..

*Aluminum foil, 0.004 in.- thick, is 0 pra

* Duplex papers with aluminum foil qw.a be used ýto, atisfactorily
reduc. vapor pressure to. a safe levels.two barriers vies a permeance
is, OO0O3 each may be iosed for. thes wanigan wall. under_cocnsideration.-
Films al- so are satisfactory vapor barriers but they cannot be 4,880
-except on rigid material whose surfaces ivill accept film application,

The,: final stop requiLred is to determine the proper Pos ition of W9.e
vapor 4baria within the insulated wall. Figure 5 is a graphic represen-
tation .of this fin-al step utilizing two barriers,. -The wall section,
is'drewn to0 scale and the saturation cuxrve in plotted thereon as ina
Figures 3 and 4., Next, the, actual vapor pressure curve is plottea b.Y
use of Formula 2. ýA vapor barrier is placed at each point where the
actua may~or premsure curve and the saturation-pressure curye meet.,
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Location of these points may then be determined by.-measuring In from
the inside or outside wall surface. Figure 6 graphicall.y shiows the
positions when three vapor barriers, each 0,0045 permrs, are ue~ed,

ecwih003pmothee, eac ih0005prs are n~eeded
Table inl shows the revised listing of the ranigan wall's corletitulofts,

(Two Barriers)

ThermalacndduOtaflce Porms~ae
ititerior.to ekberio'., Btu/br-.f ~.dg P Grains/hr-f t-in. Hs

1/4"1 exterior-type 'plywood 2j.6 O~
with 2 coats of paint

Vapor barrier Negligible heat-blocking 0.0'W
ability ~

insulation bbkn bit
Vapor barrier Neglibible hekt-blpckdng 0.00.3

AbilitY

1"1 fiber glass -0.17 Ngi.~ ~o
insultionblocking ability

with 2 coats, of. paint

rMSI(W F, Snp~R
Thequitil chgg ie:, theris of the -

The uqai~e ma beasked if the position and pers'isaomo hbaries icatd y design, cocdiion
tion from' design coniditionts. Prolonged moderate deviations 'oC'outatide
conditions oszi Os tolerated without incurr'ing. condensation boe34use- such
changes would not materially alter the already low outside vapor pros-
sures. For example, a 10O0o relative humidity change is only it difference
of .005.inches of mercury at -331. The -designer is cautioned ,however,
-against inside changes that raise the v4o prssr. Pong d mdrt
upward deviations can result in condensation, and it is pruden~t to base
design on the highest vapor pressure to be expected in service,



The question may be also asked whether the vapo3& barriers could
be grouped near, the warm surface. It can be done provided the actual
vapor pressure curve never crosses the saturation pressure curve. Such
grouping, may facilitate the manufacture of "built-in" vapor barriers.

SLUhINARY

'The method herein'set forth to diotermine the location of vapor
barriers writhin insulnted walls and barrier p'ermeance may be sumuarized
by the followirin c~jironological steps.

1o, Tsmoeratue. -and.Saturation Pressure GradiLe±hte

Plot the temperature, gradient and s~turtition pre~sdi-6 gradient on
the drawnm-to-aoale wall cross-sectionl. Use foz7MUlA

tx ti RI. (ti - to) to determ~ine the tem~perature gradient,

Use low- presur: steam tables to determine the correspondingý
eatur t,'n poscue'gradient..

*,. 2. Barrier Permeance. *

Deter~iie. I he .Over;-411 pernieanoe ntid'ed to~prevent condensation-.
Use f6r~mlaa If m .35- (lose A ) ,and split this peinmeant~i

into toomrevapor barriers as, required,,

Plot the actuaal' vapotr Pressure curve. Use formuJA 'ata

I0 0. 4-P) ontact toint whilh r 1ul actua
.ao0re~r curve meetingt the saturation presjure curve will.

posiionth6vapor-`'barriers,;-

It must also-be kept in mind that a vapor barrier is no-better
than, it .sinstallation method. A' nail hole or Careless tear or d-oat

r ~~will destroy -the, etfpctivenej,9,of the best barrier materpials,_ once
condensaation-or frosting),starta.$ a progressive dtriorat~bn`o the
insulation begins which changes, the ternperot ure to, vapor resr
relationships r prwsur



Figure I. Frost bu~ild-up in attic sae
Dew ointtemperatures of themigrating water vapor werereached at roof sheathing.
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